This work focuses on the characterization of seismic sources observed in clay-shale landslides. Two landslides are considered: Super-Sauze (France) and Valoria (Italy). The two landslides are developed in reworked clay-shales but differ in terms of dimensions and displacement rates. Thousands of seismic signals have been identified by a small seismic array in spite of the high-seismic attenuation of the material. Several detection methods are tested. A semiautomatic detection method is validated by the comparison with a manual detection. Seismic signals are classified in three groups based on the frequency content, the apparent velocity and the differentiation of P and S waves. It is supposed that the first group of seismic signals is associated to shearing or fracture events within the landslide bodies, while the second group may correspond to rockfalls or debris flows. A last group corresponds to external earthquakes. Seismic sources are located with an automatic beam-forming location method. Sources are clustered in several parts of the landslide in agreement with geomorphological observations. We found that the rate of rockfall and fracture events increases after periods of heavy rainfall or snowmelt. The rate of microseismicity and rockfall activity is also positively correlated with landslide displacement rates. External earthquakes did not influence the microseismic activity or the landslide movement, probably because the earthquake ground motion was too weak to trigger landslide events during the observation periods.
I N T RO D U C T I O N
Landslide failures may seriously damage the human and environmental resources of a region. However, it is still uneasy to forecast the evolution of a landslide because it depends both on its dynamics and on external triggering events, such as earthquakes and rainfall (Guzzetti et al. 2007) . To better understand these processes, passive seismic monitoring techniques have been developed since the 1960s, in order to detect possible seismic signals triggered by the slope dynamics (Cadman & Goodman 1967; Novosad et al. 1977) . It consists generally in identifying seismic sources induced by the slope movement using seismic sensors. In the case of slope failures, these seismic signals can be induced by several mechanisms such as material bending and shearing, material compression, surface fissure opening, slip at the bedrock interface, rockfalls and clast falls or debris flows. Passive seismic monitoring has been carried out on very diverse geological contexts and for very different objectives, and the number of studies has increased in the last decades.
Some studies record the microseismic activity within landslides (Roth et al. 2005; Brückl & Mertl 2006; Spillmann et al. 2007; Helmstetter & Garambois 2010) , rock cliffs (Amitrano et al. 2005; Mourot 2008; Senfaute et al. 2009; Lévy et al. 2011) , glaciers (Stuart et al. 2005; Roux et al. 2008) , mines and sinkholes (Ge 2005; Wust-Bloch & Joswig 2006; Wang & Ge 2007; Yang et al. 2007) , in order to monitor the progressive damage and deformation of unstable slopes. In some cases, seismic signals have been detected before failure phenomena (Amitrano et al. 2005; Wang & Ge 2007; Yang et al. 2007; Mourot 2008) . In other cases, seismic sensors are used to characterize the volume and propagation velocity of slope failures such as rockfalls or rockslides (Deparis et al. 2008; Dammeier et al. 2011; Hibert et al. 2011) , snow and rock-ice avalanches (Kishimura & Izumi 1997; Suriñach et al. 2000; Suriñach et al. 2001; Schneider et al. 2010; Lacroix et al. 2012) , debris flows (Arattano & Deganutti 2001; Marchi et al. 2001; Huang et al. 2004; Arattano & Marchi 2005; Burtin et al. 2009 ) and volcanic landslides (Esposito et al. 2006; De Angelis et al. 2007; Cole et al. 2009 ; Zobin et al. 2009 ). Other studies evaluate the correlation between seismic signals and external events such as rainfall (Rouse et al. 1991; Walter & Joswig 2008 , 2009 Helmstetter & Garambois 2010; Hibert et al. 2011; Lacroix et al. 2012) . Few analyses were carried out to characterize the seismic signals observed within soft-rock or sediment-type slope movements (Amitrano et al. 2007; Méric et al. 2007; Walter & Joswig 2008 , 2009 Gomberg et al. 2011) . Seismic signals are difficult to identify because of the spatial heterogeneity and the high saturation (close to 100 per cent) of the soft muddy materials (such as clays, shales and marls). This causes a high attenuation of the signal and a low signal-to-noise ratio. Recent monitoring techniques have been developed to compensate for these difficulties. They consist in detecting signals by analysing the variation with time of the signal frequency content (spectrogram). Joswig (2008) introduced 'nanoseismic monitoring' to analyse very weak signals in small areas. This technique has been used for the analysis of sinkholes failures (Wust-Bloch & Joswig 2006) , cliff collapses (Lévy et al. 2011 ) and for exploratory analyses on muddy landslides (Walter & Joswig 2008 , 2009 ). To reduce the time dedicated to manual picking of a large number of signals, semi-automatic techniques have been developed for the detection, classification and location, of seismic signals, in particular for rock slopes (Spillmann et al. 2007; Helmstetter & Garambois 2010; Lacroix & Helmstetter 2011) .
Seismic monitoring can be used as a non-invasive investigation tool, in complement to displacement monitoring (e.g. GPS, extensometers, cameras. . . ) or local borehole instrumentation. Unlike punctual displacement measures or boreholes, it can provide a global overview of landslide movements and deformations. Seismic monitoring offers several applications for slope instabilities. Analysing seismic noise can help in characterizing the landslide structure (Méric et al. 2007 ) and its evolution with time (Mainsant et al. 2012) . Recording seismic signals produced by the slope movement can provide relevant information on the dynamics of the slide and may allow the identification of precursors. Seismic signals can be classified (rockfalls, fracture events), characterized (frequency content, magnitude, volume and propagation velocity of rockfalls or debris flows), and located. In the case of weak seismic signals, the detection of slope failures is made difficult by the presence of external acoustic noises (rainfall, water stream, wind, electrical equipment and field workers among others).
In this work, we focus on the detection of seismic signals possibly induced by the dynamics of the Super-Sauze (Southeast Alps, France) and Valoria (Northern Apennines, Italy) muddy landslides ( Fig. 1) . We focused on these landslides because they are very well instrumented and because there have been yet very few seismic monitoring studies on muddy landslides in the literature. Also, both landslides exhibit a complex dynamics, with frequent reactivation phases controlled by hydrometeorological triggers (Malet 2003; Ronchetti 2008) . It is therefore interesting to analyse the microseismic activity and the kinematics regime observed during these reactivations phases. In the future, this might help us to predict such reactivations from microseismic activity monitoring.
The objective of this manuscript is to propose a typology of seismic signals, and to analyse their spatial and temporal distributions in relation to the landslide kinematics and other environmental factors. Three specific periods, characterized by different surface displacement rates, are analysed: a period of low-surface displacement rates (<0.01 m d The two landslides are essentially composed of highly attenuating soft-clay material and characterized by different kinematic regimes with the succession of acceleration and deceleration periods. For this analysis, we installed seismic acquisition systems on the upper parts of the landslides, in order to obtain a continuous seismic monitoring. We used spectrogram analyses to process the seismic observations, as proposed by Walter & Joswig (2008 , 2009 ) and . We applied the semi-automatic detection method proposed by Helmstetter & Garambois (2010) and went further on by locating the seismic signals detected on both landslides with the beam-forming location approach of Lacroix & Helmstetter (2011) . We first present the characteristics of the two landslides and detail the different seismic acquisition systems. Detection and location methods are then detailed. The characteristics of seismic signals and their source mechanisms are then discussed. Finally, we compare microseismic activity and the observed displacement rates with external triggering factors such as earthquakes, rainfall and changes in groundwater levels.
C H A R A C T E R I S T I C S O F T H E T W O L A N D S L I D E C A S E S T U D I E S
The Super-Sauze and Valoria landslides are developed in clayshale formation and are characterized by a complex kinematic pattern controlled by hydrometeorological conditions, and thus varying with the seasons (Table 1) .
Characteristics of the Super-Sauze landslide
The Super-Sauze landslide (Fig. 1b) is located in the Southern French Alps (Barcelonnette Basin), in the upstream part of the Sauze torrential catchment. It was triggered in the 1960s when several rockslides occurred on a rocky slope composed of CallovoOxfordian black marls. After a period of mechanical weathering of the accumulated blocks, a slide has progressively developed in the 1980s with the downstream propagation of the reworked black marls in the torrential channel. Currently, the moving mass has a volume estimated at 550 000 m 3 and has an average thickness of 15 m (Travelletti & Malet 2012) . The landslide has a length of nearly 800 m and a maximal width of 130 m, and develops between an elevation of 2105 m at the crown and 1705 m at the toe. The structure of the landslide consists of a complex geometry with the presence of steep gullies and crests (Travelletti & Malet 2012) . The landslide material is composed of a silty-clayey matrix with the presence of unaltered rigid blocks of marls and limestones. The landslide has been extensively studied and monitored from the 1990s. Since 2007, it is part of the French Observatory on Landslide (omiv.osug.fr), which aims at acquiring and distributing multiparameter observations on different types of landslides through geomorphologic, geologic, hydrologic, geophysical and seismological long-term monitoring. The surface displacement is monitored through GPS campaigns (Malet et al. 2002) and permanent GPS monitoring (Déprez et al. 2011) , extensometry (Malet et al. 2002) , terrestrial laser scanners (Travelletti et al. 2008 ) and correlation of terrestrial photographs (Travelletti et al. 2011) . The displacement field is very variable in space and time. Displacement rates can reach up to 0.40 m d −1 in spring in the most active part in the upper area of the landslide and decrease to 0.01 m d −1 downhill at the toe. In the upper part, the displacement is more complex with the presence of two stable crests (which we named for this paper 'in situ crest ' and 'boundary crest' in Fig. 2a; Malet 2003) . This complex topography creates differential lateral movements between slowly moving and more rapidly moving compartments. A vertical three-layer structure has been proposed (Travelletti & Malet 2012 ) based on geological, hydrogeological, geotechnical and geophysical observations (Weber 1994; Malet 2003) . The first superficial layer has a 5-9-m thickness and is bounded at its bottom by a shear surface that has been identified in borehole cores (Malet 2003) . Below, this slip surface, a second layer, of 5-10-m thickness, is very compacted and characterized by very low displacements; the interface with the bedrock corresponds also to a slip surface identified in borehole cores (Malet 2003) . The third layer corresponds to the stable intact black marl substratum. Seismic tomography studies have shown that the landslide structure is defined by P and S seismic wave velocity increasing progressively from V P = 600 m s −1 and V S < 300 m s −1 , at the top, to V P comprised between 2100 and 2400 m s −1 and V S > 550 m s −1 in the bedrock (Grandjean et al. 2006; Amitrano et al. 2007; Méric et al. 2007; ). Tomography acquisitions were carried on in 2010 July, in order to propose a higher resolution structural model of the landslide in the direct vicinity of the seismic observation systems. The tomography acquisition (grey colour dot lines in Fig. 2a ) consisted of two profiles of 80-90-m length crossing the landslide from the east to the west. Forty 14-Hz sensors were installed every 2 m and sources were located every 4 m. Data was acquired at 2000 Hz in order to observe the discontinuities of the first metres of sediments. Two models were obtained that indicate a first layer sliding on the bedrock. P-wave velocity of the upper and the lower profiles are presented in Fig. 3 . They vary between 350 and 700 m s −1 in the first layer and between 2200 and 2300 m s −1 in the second layer and are significantly higher in the lower profile. The sliding layer is 5-10-m thick in the central part of the profile, from the upper to the lower region respectively, where the accumulation of sediments is higher. A stable crest is identified between the sliding layer and the bedrock, which is labelled as the 'boundary crest' in Fig. 2 (a) and marked by the black arrow. In 2008, small seismic arrays were deployed across the landslide during several 15-d acquisition periods to detect seismic events ). The objective of these studies was to investigate the possibility of monitoring seismic signals for such types of landslides. The authors proved that it was possible to detect weak seismic signals of magnitude M L ∼ −2 in soft clays, in spite of the high attenuation of the material. They provided an overview of the spatial distribution of the seismic sources and concluded that most of them were located in the upper part of the landslide and were associated to rockfall events, essentially triggered from the main scarp, and to the opening of fissures measured by extensometers (Walter et al. 2011) .
Characteristics of the Valoria landslide
The Valoria landslide (Fig. 1c) is located in the Northern Apennines (Italy), in the upper Dolo River (tributary of the Secchia River) basin. It has been reactivated seven times since the 1950s. This complex landslide is affected by deep-seated mass movements from the Late glacial period (Garberi et al. 1999; Borgatti et al. 2005) . It represents a surface of 1.6 km 2 of thick flysch and Fig. 2a . The white-dashed line indicates the main discontinuity that have been imaged by the previous tomography analysis (Grandjean et al. 2006; Méric et al. 2007; Travelletti & Malet 2012 (Ronchetti et al. 2007) . Seismic tomography of the internal structure was obtained by passive seismic acquisition (Cusano et al. 2006) and refraction seismic and drilling (Baldi et al. 2009 ). These studies indicated a first 15-30-m-thick layer characterized by V P varying from 700 to 1500 m s −1 sliding on a stable bedrock characterized by V P = 2500 m s −1 . Slip surfaces have not been detected with these acquisitions.
M E T H O D S

Acquisition systems
At the Super-Sauze landslide, the seismic array has been installed for a permanent monitoring since 2009 October. The aim of this installation is to monitor the seasonal changes in microseismic activity according to the varying displacement rates of the landslides, and to characterize the possible influence of regional earthquakes. At the Valoria landslide, the seismic array was installed in 2009 November for a short monitoring period in order to compare the seismic signals detected at Valoria with those detected at Super-Sauze.
The passive seismic acquisition systems consist in seismic arrays with a 20 and a 40 m radius as illustrated in Figs 2(a) and (c). This type of array configuration has been introduced by Joswig (2008) as 'nanoseismic monitoring' in order to detect and locate small seismic signals. For both landslides, one three-component (3C) sensor is situated at the centre of a tripartite-shaped array and six vertical sensors are situated at approximately 20 and 40 m in the three directions of the array. As pointed out by Joswig (2008) , this configuration allows a good correlation between channels. We used mostly vertical sensors because our location method uses only vertical sensors. Three-component sensors could be used to estimate the polarity of seismic waves, and thus the direction of the seismic source, if P-and S-waves are well separated, which is unfortunately not the case for seismic signals produced by muddy landslides. At both sites, the seismic arrays were located in the upper parts of the landslides characterized by the presence of fractures in the first 2 m of sediments.
At Super-Sauze, only one seismic array was installed in the upper part at the interface between the most active zone of the landslide (in terms of surface displacement) and a stable zone; at Valoria, two seismic arrays were installed in the upper part of the landslide (Fig. 2c) . At both sites, the datalogger is a Képhren Agécodagis. The sensors are velocimeters with different characteristics for each landslide (Table 2) . Data sampling rate has been set to 400 Hz, as the best compromise between signal resolution, data storage and At the Super-Sauze landslide, additional observations consisted in surface displacements monitored ca. 60 m downhill of the seismic array through permanent GPS and one extensometer (Malet et al. 2002) . The changes in groundwater table level are monitored with a Diver water height sensor installed in a 4.5 m deep piezometer called BV, and located at the vicinity of the GPS receiver and extensometer. The rain amounts are monitored with an automatic rain gauge located outside of the landslide, at a distance of 500 m (Malet 2003; Fig. 2a) . At Valoria, two topographic prisms were installed close to the two seismic arrays to monitor the surface displacements (Fig. 2c ). The displacements of the benchmarks were monitored by an automated TPS Leica Total Station (Bertacchini et al. 2009; Corsini et al. 2009b) . The rain amounts are recorded at the Fontanaluccia raingauge station (municipality of Frassinoro).
At Valoria, because of an important acceleration of the landslide, the two seismic arrays have been damaged. The sensors were displaced for several metres and were deteriorated so that we recovered only partially the observations. We could only use these records as spatial and temporal evidences of the acceleration (discussed further).
Acquisition periods
The surface displacements observed at the Super-Sauze and Valoria landslides are variable along the seasons and can reach up to tens of centimetres per day in the spring period. Periods characterized by displacement of up to a few metres per day may be measured in extreme cases especially in the upper parts of the slides (Malet et al. 2002; Ronchetti et al. 2007) . Both landslides are also characterized by the presence of compression and extension zones revealed by specific surface geomorphological features such as lobes, extension ridges and fissures (Travelletti et al. 2011) .
In order to analyse the microseimicity pattern associated to different types of kinematic regime, three different acquisition periods were selected. Seismic signals respectively observed for periods of small displacements (<0.01 m d 
Seismic signal detection
Because of an important amount of events, the semi-automatic detection method of Helmstetter & Garambois (2010) is used. This method has proved to be a useful tool to detect several thousands of seismic events within rock slopes. It is based on the spectrogram of the signal, averaged over all vertical sensors of the array. Then, the spectrum of the signal is normalized for each time window (sliding window of 128 samples) by the spectrum of the noise. The amplitude of the normalized spectrogram is summed in the frequency range [1-50] Hz. One seismic signal is detected when this function exceeds a threshold that has been fixed at 2, which means that the amplitude of the seismic signal spectrum must be at least twice higher than the noise to define a seismic signal. Seismic signals are chronologically listed in a catalogue, which contains the dominant frequency, the maximum amplitude of the seismogram (computed in the frequency range [1-50] Hz and averaged over all vertical channels of the array) and the time duration for each event. The duration corresponds to the period when the amplitude of the seismic signal is higher than the noise. All the seismograms and spectrograms listed in the catalogue are then analysed visually. Some signals were identified as likely corresponding to anthropogenic activities (ski lifts, helicopters, electrical devices, fieldworkers) or other sources of noise (storm, water runoff, wind), based on the frequency content of the signals and their temporal distribution, and by comparison with signals detected on other landslides (Helmstetter & Garambois 2010; Gomberg et al. 2011) . Semi-automatic detection was applied for the three acquisition periods. The number of seismic signals that were classified as noise is variable with the acquisition periods (Table 3) , probably due to changes of anthropogenic activities and meteorological conditions.
To define the robustness of the semi-automatic detection method, the SonoView package (Joswig 2008; Sick et al. 2012) , was used to detect visually the seismic signals and propose a reference (e.g. manual) catalogue. Spectrograms are calculated for each vertical channel with a sliding window of 256 samples with an overlap of 50 per cent, so that each pixel on the time axis of the spectrograms corresponds to ∼[128 samples/400 Hz] seconds. A global spectrogram, also called 'super-sonogram', is obtained from the combination of the spectrograms of all vertical channels of the array, pixel by pixel. Though this procedure, each pixel of the super-sonogram is made up with seven subpixels (Sick et al. 2012) , extracted from the spectrograms of all vertical channels. The super-sonogram is then normalized by the noise spectrum. This enables a continuous clearer and more condense view of the variations for all vertical channels together. All seismic signals have to be considered manually individually, by observing the amplitude and frequency variations. HypoLine software, which is included in the SonoView package, enables us to determine further characteristics of the seismic sources such as the location in a layered velocity model (see section 3.4.3).
The semi-automatic and manual catalogues were compared for the 2009 October and the 2010 May records. After manual control of the candidate seismic signals picked by the semi-automatic method, up to over 50 per cent more seismic signals were detected (Table 3) . Seismic wave arrivals are hard to identify because of the attenuation and the fractured nature of the material and the complex structure of the slope. For this reason, the semi-automatic detection method proposed by Helmstetter & Garambois (2010) can be considered as an efficient tool to detect most of the seismic signals, in spite of the high attenuation of the clay materials.
However, it is necessary to control visually the detected seismic signals.
Seismic signal location
Beam-forming method
A beam-forming method has been applied to automatically locate all seismic events. This method is based on the beam-forming method developed by Lacroix & Helmstetter (2011) and inspired by Almendros et al. (1999) and Roux et al. (2008) . It has been proposed for locating seismic events when the first arrival is difficult to pick precisely. In this method, the position of the source and the seismic wave velocity are inverted by maximizing the temporal correlation between the traces at all pairs of vertical channels, after shifting each trace by the traveltime (Lacroix & Helmstetter 2011 ). In our case, both landslides are characterized by a complex geometry (several layers, heterogeneities) and the tomography results confirmed a large variability of seismic wave velocities. These heterogeneous structures strongly disperse and attenuate the high frequencies of the seismic waves and make it difficult to distinguish the first arrivals of P, S or surface waves (Helmstetter & Garambois 2010) . For these reasons, the beam-forming method is a good alternative way to locate emergent seismic events. We use a time window of about one second around the starting time of the event and filter the seismic signal in the frequency range [2-50] Hz. The inversion starts with a grid search on both position and velocity. In space, we use a grid covering the whole landslide (about 600 m × 300 m) with a step of 10 m. For the velocity V, we impose that V is, respectively, in the range between 400 and 2500 m s −1 and 200 and 2700 m s −1 for Super-Sauze and Valoria, with a step of 300 m s −1 . For each position and velocity, we compute the average intertrace correlation C after shifting traces in time by the traveltime. Then we select the best position and velocity, corresponding to the largest C value, as the starting point for a simplex optimization. The depth of seismic events cannot be reliably estimated in the case of heterogeneous materials and when the source is located outside of the seismic array (Lacroix & Helmstetter 2011) . For these reasons, the source is constrained to lie at the surface of the landslide, although some of the seismic events are located within the mass volume or at the boundary with the stable bedrock (Amitrano et al. 2007 ). The surface is defined by a Digital Elevation Models with a spatial resolution of 2 m at Valoria (Sterzai et al. 2010) and 5 m at Super-Sauze (Travelletti & Malet 2012) . Because the source depth is fixed at zero, the measured velocity V corresponds to an apparent velocity. Therefore, deep sources are characterized by a higher V compared with superficial events. The velocity parameter is thus useful for distinguishing external events (earthquakes) from local ones events triggered by the dynamics of the landslides. When using a single seismic array, the beam-forming method can only reliably estimate the direction of the source, but the distance between the source and the array is generally ill-constrained, as soon as this distance is at Service Commun de Documentation on December 23, 2016 http://gji.oxfordjournals.org/ Downloaded from larger than the aperture of the array. In order to locate precisely the seismic sources, we would need to install several arrays around the active area, as done for example by Lacroix & Helmstetter (2011) for the Séchilienne rockslide.
Time correction through shot tests
Shot tests using an air-gun source were performed at Super-Sauze in 2010 July at 19 locations around the seismic array. The aim was to determine the reliability of the location and to estimate the static time corrections to account for variations of seismic wave velocity within the seismic array. Strong fluctuations of velocities are expected below the sensors of the arrays because of the variability of the characteristics of the material (e.g. sensors installed on soft water saturated, material and other sensors installed on more compact and drier material above the stable crests; Fig. 2a ). The first P-wave arrival was picked manually for the 19 shots. We then computed the theoretical traveltimes between each source and each shot. We used a uniform seismic wave velocity, which was inverted for each shot by minimizing the residuals between picked times and theoretical arrival times. Finally, the static correction was estimated for each sensor by the average difference between picked and calculated arrival times following the method of Lacroix & Helmstetter (2011) . One sensor (C03) was out of order during the shot tests, and thus the time correction was set to zero. Negative time corrections indicate that the picked times are generally earlier than the theoretical arrival times. This should correspond to zones with a velocity larger than the average seismic wave velocity. Surprisingly, we found negative time corrections for the sensors located in the most active part of the landslide (to the east) where we expected lower seismic wave velocities.
The static time correction was introduced in the location method by shifting each trace by its time correction as the first step of the location method. We tested the beam-forming location method, with and without correction. The calculated source position was sometimes situated up to 160 m away from the real source location, but this is not surprising since the beam-forming method cannot estimate reliably the distance for sources located outside of the network. For some cases, the direction of the source was also very different from the true direction, sometimes even on the opposite direction (Fig. 4) . The location error is slightly smaller when using the static corrections: the average location error is 66 m without correction and 42 m with time correction. The direction of the source is also more accurate with corrections: the average azimuthal error is 46
• without correction and 40
• with correction. Finally, the intertrace correlation C is also slightly larger when using time corrections. Fig. 4 indicates that the location accuracy is generally better for shots with a larger intertrace correlation C. When C is larger than 0.48, the maximum azimuthal error is around 33
• and the maximum horizontal error is about 40 m. These values should be kept in mind to evaluate the reliability of further event locations and to select only reliable events to map the microseismic activity.
Although the location accuracy of shots is quite bad, the location is probably more accurate for natural seismic signals. Indeed, some shots had a small signal-to-noise ratio and a high-dominant frequency. In comparison, many natural seismic signals have a lower dominant frequency and larger amplitudes, therefore a larger intertrace correlation and likely more accurate locations.
Manual location method
All shots were also located with HypoLine using manually picked Pwaves arrivals, in order to compare the results of the automatic and the manual location methods. HypoLine (Joswig 2008) identifies the contribution of each single phase by displaying the 'hypoline' constraining curves. These hyperboles are obtained from one similar arrival picked at two sensors, or very rarely in our case, circles obtained if both P-and S-wave arrivals can be picked at one channel. The best solution is then characterized by the highest concentration of hypolines. For the HypoLine location, we used, at Super-Sauze, a seismic wave velocity model with two horizontal layers: a first 10-m thick layer with V P = 800 m s −1 , over a half-space bedrock characterized by V p = 2300 m s −1 . These values were derived from the tomography profiles (Fig. 3) and V P /V S ratio was comprised between 1.95 and 2.36. According to the shot tests, the manual method provides more accurate locations than the automatic one. However, we were influenced by the knowledge of the true positions of the shots when picking the shots manually and we obtained the final results only after adjusting the picked times several times. For this reason, we consider that the automatic location of Lacroix & Helmstetter (2011) can be trustfully applied to locate the detected natural seismic signals at Super-Sauze landslide, or at least to provide the azimuth of the sources. The beam-forming method has the advantage of saving a lot of time compared with the manual method. Also, it may be more efficient than the manual method for natural seismic signals, which are often emergent and difficult to pick.
As no shot test campaign was carried out at Valoria, we consider only the seismic signals located with a maximum intertrace correlation higher or equal to 0.48. This value cannot provide information about the location error threshold (as was defined at Super-Sauze) but it might limit too many incorrect source locations.
R E S U LT S
Classification of seismic signals
Following the approach of and Helmstetter & Garambois (2010) , the seismic signals are classified in three groups named 'quakes', 'rockfalls/debris flows' and 'earthquakes'. The two first groups are associated to the dynamics of the landslide by itself, either at the surface or at depth; the last group corresponds to regional earthquakes not directly linked to the dynamics of the landslide. The classification associates quantitative (duration, apparent velocity, mean frequency) and qualitative criteria such as the wave phase identifications and the global spectrogram signature. Time duration, frequency content, apparent velocity and correlation between channels are the most significant discriminating parameters. For the landslide triggered seismic signals, the distinction between 'quakes' and 'rockfalls/debris flows' is rather difficult. It is done by comparing characteristics of events detected at Valoria and Super-Sauze with seismic events described in the literature by and Walter et al. (2011) for the Super-Sauze landslide, and by Helmstetter & Garambois (2010) and Lacroix & Helmstetter (2011) for the Séchilienne rockslide. Contrary to Walter & Joswig (2009), we only select seismic signals that can be identified visually on at least three sensors. In our cases, because of the high attenuation and the proximity between the sources and the sensors with respect to the wavelength, the different types of seismic waves are mixed together. Distinct P-and S-waves are only observed for earthquakes, which are located at least several kilometres away from the seismic array. Examples of all types of events detected either at the Super-Sauze or Valoria landslide, are illustrated in Figs 5-7. All seismograms are [2-30] Hz bandpass filtered, since it happens to be the dominant frequency range of seismic events.
Quakes
Seismic signals classified as 'quakes' have a duration of about one second and dominant frequencies around 10 Hz. The signal is generally emergent so that first arrivals are difficult to pick. We cannot distinguish successive P-and S-waves for these signals. This is likely due to the low-frequency content of the signal and to the short distance between the source and the sensors, so that P-and S-waves are mixed together. The envelope of the signal shows generally only one peak and has a symmetrical shape, with a progressive increase and decrease in amplitude with time. But a few seismic signals have higher frequency content and/or are composed of several subevents. In this case, the distinction between 'quakes' and 'rockfalls' is difficult and rather arbitrary. These events are similar (in terms of duration and frequency content) to the seismic events detected by Helmstetter & Garambois (2010) at the Séchilienne rockslide. These events were suggested to be produced by slip or fracture opening. Walter et al. (2011) detected seismic signals associated with fissure opening at Super-Sauze with characteristics similar to some of our events identified as quakes (Fig. 8) . These events were located on a fissure that was monitored by extensometers (Walter et al. 2011) . The induced seismic signals had significant variations of amplitude among all sensors due to the proximity between the source and the sensors.
Rockfalls/debris flows
Seismic signals associated to rockfalls or debris flows correspond to longer signals of up to several tens of seconds. These signals are often composed of many subevents with time delay between successive peaks of about one second. The frequency content is mainly in the range Hz. These signals sometimes repeat themselves during several minutes. The main difference with seismic signals classified as 'quakes' is thus the signal duration. It is therefore difficult to distinguish one rockfall seismic signal from several successive quakes.
Earthquakes
Seismograms of earthquakes show two clear arrivals with a time delay varying from about one second up to several tens of seconds (Fig. 7) . Also, the amplitudes are often different for the vertical and the horizontal channels. The first arrival is generally impulsive and has higher frequencies. The second arrival is followed by a coda with a progressive decrease in amplitude and dominant frequency. The frequency content is very variable. Longer seismic signals have lower frequency contents (around 2 Hz dominant frequency), while events lasting only a few seconds have energy above 100 Hz. The shape of the envelope is asymmetric, with a sharp rise followed by a slow decrease. These signals can be easily distinguished from local events (quakes or rockfalls) by their higher apparent velocity (larger than 1000 m s −1 ) due to their deeper source. Moreover, many of these events are coincident with earthquakes listed in either the French SISMALP earthquake catalogue (Thouvenot et al. 1990) or the INGV Italian earthquake bulletin. The seismic signals that are not present in earthquake catalogues have generally a short duration and small amplitude; they are likely small regional earthquakes located a few (tens of) kilometres away from the landslides.
Characteristics of seismic signals for all types of events
If the dominant frequency is plotted as a function of seismic signal duration (Fig. 9) , the three types of seismic signals seem to concentrate in three poles. The most discriminating parameter appears to be the event duration. Signal amplitude is not considered as a selection criterion since it does not systematically vary between each type of event. Indeed amplitude varies from tens to thousands of nm s −1 for signals of the same type (Fig. 10) . The peak amplitude of all signals is estimated after [2-50] Hz bandpass filtering. For each acquisition period, the distribution of amplitudes for local events follows a power-law for amplitudes larger than 300 nm s −1 with an exponent b comprised between 1.1 and 1.9. These values are comparable to those obtained at Séchilienne ( However, because of the small number of quakes with amplitude larger than 300 nm s −1 , this difference is not significant. The roll-off for small amplitudes is probably due to the fact that small events can be missed because of variations of the noise level.
Seismic signals location
We applied the location method of Lacroix & Helmstetter (2011) described in section 3.4 to locate the local seismic events classified as either 'quakes' or rockfalls.
Location of seismic events at Super-Sauze
At Super-Sauze, the beam-forming location method was applied both with and without static time correction to check the reliability of location. By adding time correction, the locations are more concentrated and less focused along the grid-search boundaries. However, for seismic events located outside of the seismic array, the beam-forming location method does not provide a reliable estimate of the distance between distant sources and the seismic array. In this case, the method is only able to estimate the direction of the sources. Fig. 11 shows the distribution of azimuth for all seismic events located with an average intertrace correlation larger than 0.48, in reference to the shot tests. We can observe that, except for the quakes detected in 2009 October, most seismic signals are located with a direction coming from the southeast, corresponding to the upper part of the landslide. In Fig. 12 , we present the seismic events located with an average intertrace correlation larger than 0.48 and inside the grid-search, excluding those located on the boundaries. By this way, about 60-70 per cent of local seismic events are located (Table 4) of the landslide. The existence of clusters of seismic sources and the fact that most of them are located inside the landslide validates our location method.
Location of seismic events at Valoria landslide
A significant acceleration of the landslide occurred during the data acquisition and damaged the seismic arrays. Sensors were torn out and/or covered by clay materials and a 50-cm diameter stone hit the 3C sensor. The acquisition of the second seismic array (situated at the lower side) was interrupted on November 13 at approximately 19:21 (Table 5 ). The corresponding acquisition system and sensors of both arrays were recovered by the mud more than 30 m downhill from the array. Five of the seven sensors of the first seismic array were progressively set out of order, starting from the ones located downhill (Table 5 ). This suggests that the sliding first started downhill of the array and progressively developed towards the upper part of the array (Fig. 13) . The damage to the instruments inhibited us from locating seismic events efficiently during the complete acquisition period. Nevertheless, data recorded by unaffected or recovered sensors show a lot of seismic events located for different time periods towards the grid-search boundaries as azimuthal indicators of the events (Figs 14 and 15 ). All seismic events located with an average intertrace correlation greater than 0.48 are selected.
An increase in the number of seismic events is first observed in the morning of November 13. They were mostly quakes located nearby the seismic array (Fig. 14a) . Progressively, the sources propagated downhill with the emergence of rockfall events, but there was still activity in the upper part (Fig. 14b) . On November 14, the landslide continued to be quite active in the upper and lower parts (Fig. 14c) . The activity slowly started to decrease from November 15. Seismic sources are concentrated nearby the seismic array (Fig. 14d) . The location of the seismic signals was interrupted on the evening of November 15 because there were only two vertical sensors still recording. It is important to note that we assumed that the sensors were installed at their initial positions for the analysis, which is probably not realistic.
D I S C U S S I O N
Comparison of microseismic activity and landslide kinematics
Seismic signal: quakes
At Super-Sauze, the two clusters of 'quakes' coincide with the presence of the shearing zone between the unstable and the more stable parts of the landslide (e.g. defined by the two crests; Fig. 2b Valoria, 'quakes' cluster essentially nearby the seismic array and the quantity of detected signals might vary with the slope phases (Fig. 14) . After the main acceleration, we observed a ca. 5-m 2 sized fresh slip surface located below the seismic array (white dashed surface on Fig. 13b ), which was not present at the start of the campaign. We assume that this discontinuity previously existed and is has been enlarged during the acceleration period.
We suggest that quakes are associated to friction processes, material deformation or fracture processes. The distinction between these phenomena is difficult unless the location of the seismic events in depth could be precisely estimated. The frequency content or the amplitude cannot be used as discriminating factors since these parameters are mainly controlled by the distance between the source and the seismic array.
Seismic signals: rockfalls and debris flows
At Super-Sauze landslide, rockfalls concentrate in the upper most active part of the landslide, at the level of the covered in situ central crest (Fig. 2b) or uphill at the main scarp. Seismic sources located near the main scarp can be identified as large rocks falling from the scarp, as suggested by and by field observations (visual observations and noise) during field campaigns. Seismic sources located within the in situ central crest are rather interpreted as brittle materials falling along the surface of the slide. The location accuracy does not allow us to distinguish trustfully seismic events located at the main scarp from events located within the landslide but far from the seismic array.
At the Valoria landslide, the first seismic signals associated to rockfalls or debris flows have been recorded a few hours after the beginning of the acceleration. We observed few seismic sources located on the upper part, in agreement with the absence of a scarp zone for this slide. Most rockfalls or debris flows are located downstream from the array, on the west side. Previous acceleration phases of the landslide generally initiated in the upper part of the slide (close to the seismic array) and then propagated downward and triggered the slide into the two main channels, on each part of the central ridge ( Fig. 2c; Schädler 2010) . The most active channel is the one situated on the northwest side of the central ridge (down right on Fig. 2c) . We can thus interpret these events as due to the movement of clasts of different sizes. The first quakes that occurred during the early phase of the acceleration are thus coherent with the activation phase of the rupture preceding the sliding.
We suggest that the seismic signals classified as rockfalls are generated by the propagation of material on the surface, either as falls of blocks or debris from the upper scarp (at Super-Sauze landslide) or as small volumes debris flows at the landslide surface (at Valoria and Super-Sauze landslides). Arattano (1999) observed similar seismic signals with a longer duration during flow events of the Moscardo torrent in Italy. Helmstetter & Garambois (2010) also recorded seismic signals associated with rockfalls at Séchilienne rockslide. In this case, the classification as rockfalls was confirmed by a video record of some of these events. Compared with seismic signals at Super-Sauze landslide, rockfalls detected at Séchilienne had generally larger frequency content (up to 100 Hz), a longer duration, and a more irregular shape composed of many peaks due to successive rock impacts. The difference between Super-Sauze and Valoria landslides and Séchilienne rockslide seismic signals is likely due to the different materials involved and the rheology: micaschists at Séchilienne rockslide and clay-shales at Super-Sauze and Valoria landslides.
Alternatively, these seismic signals classified as rockfalls may be interpreted as 'tremors' generated by slow slip at the base of the slide or by fluid flow inside the slide (Travelletti & Malet 2012) . Such long-duration and low-frequency events have been detected on volcanoes (Rouland et al. 2009 ) or on faults (Husker et al. 2010) . Indeed, these tremors are usually interpreted as resulting from either fluid flow or slow slip on faults (e.g. Thomas et al. 2009 ). For landslides however, there has not been yet any observation of seismic signals associated with slow-slip events. A method for discriminating tremors from clasts slides or falls is to locate the source of the seismic signal in a sliding time window. At Séchilienne rockslide (Lacroix & Helmstetter 2011) or for snow avalanches (Lacroix et al. 2012) , it was possible to follow the source propagating downwards. At Super-Sauze, we also detected a temporal variation of the source position during a few rockfall events. Fig. 16 shows the results obtained for a rockfall detected on 2010 May 31 at SuperSauze. Because of the large uncertainty of locations, we imposed that the source is located along a north-south direction located at x = −100 m (approximately in the central part of the landslide). We divided the seismic signal into separate time windows of 2 s. For each time window, we fixed the velocity equal to 400 m s −1 (the value obtained for the first time window) and we only inverted for the north coordinate. We observed a propagation of the source northward at a velocity of 2.5 m s −1 (but this velocity depends on the absolute location of the source, e.g. on our choice of the east coordinate). This observation confirms, at least for this case, our classification of this seismic event as a rockfall or debris flow. Unfortunately, for most cases we could not observe a propagation of the source location. One explanation is that most rockfalls or debris flows likely propagate toward the seismic array. In these cases, we cannot observe a source propagation because our location method is mostly sensitive to variations of the source azimuth but not to the variations of the distance.
Seismic activity and displacement
In Figs 17-19 , we compare the temporal variation of the rate of seismic events with the evolution of displacement, rainfall and ground water level during each seismic acquisition period. At Super-Sauze, we used all seismic events with amplitude larger than 100 nm s −1 , while we used only events larger than 200 nm s −1 at Valoria to be less sensitive to temporal variations of the noise level. At Super-Sauze, we used the displacement measured by an extensometer located nearby the in situ crest (Fig. 2a) , about 60 m downhill from the centre of the seismic array. At Valoria, we used the displacements calculated from the monitoring of two benchmarks installed nearby the seismic arrays (Fig. 2c) .
At Super-Sauze in 2009 October, Fig. 17 indicates one main peak of seismic activity on October 22 and two peaks of displacement rates. The main peak of displacement rate on October 20 occurs just before the increase in seismic activity while the second smaller peak of velocity (October 24) is not followed by an increase of seismic activity.
At Super-Sauze in 2010 May, the peak of velocity observed on May 8 occurs 1 d before the maximum of seismic activity, whereas the other peak of seismic activity on May 7 is not associated with a peak of velocity (Fig. 18) .
At Valoria in 2009 November, the acceleration started on November 13 at the same time as the increase in seismic activity (Fig. 19) . We could measure the displacement acceleration until the benchmarks were lost in the evening of November 13. The microseismic activity also increases in the morning, and then stays at a constant rate in the afternoon (Fig. 20 ). An interpretation is that the acceleration was triggered by fracture or sliding events associated with the detected seismic signals. Once the failure was activated, the movement accelerated while the microseismicity remained constant at a high rate. During the following days, the rate of quake events remained higher than the rate of rockfalls or debris flows.
In summary, the relation between local seismic activity and slope displacement is nontrivial and not systematic. To test quantitatively the correlation between velocity and seismicity rate, we computed the linear correlation coefficient between these quantities (Table 6 ). The correlation is positive and significant at Valoria. At Super-Sauze in 2010 May, we also found a positive correlation between rate of seismic events and velocity, but this correlation is not significant at the 95 per cent confidence level. There is indeed a probability p of 11 per cent that such a correlation may be found by chance. At Super-Sauze in 2009 October, the velocity was smaller than for the other acquisition periods. For this case, we found no correlation between velocity and seismic rate. Note that the displacement is measured at only one or two points for each landslide, and may not be representative of the average landslide displacement. This could be a reason why there is no systematic correlation between seismic activity and displacements, since many detected seismic events are located far from the points where displacement is measured.
Correlation of seismic signals with triggering factors
The rainfall amount and, in the case of Super-Sauze, the changes in groundwater table were monitored during the seismic monitoring campaigns. We compared the variations of seismic activity with these external meteorological parameters and with earthquake occurrences. These records are detailed in the Figs 17-19. 
Hydrometeorological triggering factors: rainfall and groundwater table
At Super-Sauze, rainfall occurred during the two acquisition periods and changes in the groundwater table level are observed (Figs 17  and 18 ). The spring period at Super-Sauze is characterized by snow melting. The saturation is higher, which probably influences the fragility of the material and may produce seismic events. At SuperSauze landslide, the snowmelt periods ends ca. May 18 at proximity to the seismic array and later, on ca. May 26, uphill. A higher rate of rockfalls was recorded, essentially between May 5 and 10. We can interpret this increase by changes in the soil moisture at the near-surface caused by the infiltration of the melting water, and consequent small changes in the rheology of the clay. Indeed, Maquaire et al. (2003) have demonstrated from laboratory ring shear tests on samples that the cohesion of the Super-Sauze material may be drop down for small changes of water content. The water saturation is not necessarily the highest at the time of maximum snowmelt, because of delay in the transit of water within the material and of evapotranspiration fluxes. The rate of quakes also increased, possibly because the saturation level may induce fracture opening or closing.
At Valoria, important rainfall amounts were recorded during the 10 d preceding the installation of the seismic array (Fig. 18) . The rain ceased on November 10, and the number of local seismic events started to increase on November 13. Previous landslide reactivations at Valoria were also generally triggered after 3-4 d of intense precipitation (Ronchetti 2008) .
We calculated the linear correlation coefficient between the seismicity rate and the rainfall at Super-Sauze landslide to complete this qualitative interpretation (Table 6 ). We found a positive correlation for 2010 May. For 2009 October however, the correlation is not significant at the 95 per cent confidence level, probably because the acquisition period is too short and the rainfall were not important during the acquisition period. The linear correlation is probably not a good mathematical tool to model the relation between rainfall and microseismic activity. Indeed, there is likely a time delay between rainfall and the triggering of rockfalls, debris flows or quakes. Therefore, a better way to analyse the influence of rainfall would be to compute the cross-correlation function between these two time-series, as done by Helmstetter & Garambois (2010) at Séchilienne rockslide. This method provides the response of the seismicity rate as a function of the time since the rainfall maximum. In our case however, the acquisition periods are not long enough to perform this analysis. Keefer (1984) . In our cases, we did not reach the shaking intensity threshold to trigger any movement within the landslides (Keefer 1984 (Keefer , 2002 . 
Geodynamic triggering factors: earthquakes
C O N C L U S I O N S
We applied seismic monitoring on two clay-shale landslides, SuperSauze (France) and Valoria (Italy) in order to evaluate microseismic activity and to compare them with the landslide kinematics. We used a semi-automatic detection and location method (Helmstetter & Garambois 2010; Lacroix & Helmstetter 2011) . Detection of seismic events is based on the spectrograms and seismograms analysis of the seismic signals recorded at several sensors of one seismic array. We checked the efficiency of this semi-automatic method by comparing with the 'nanoseismic monitoring' manual method proposed by Joswig (2008) , which has already been successfully tested at Super-Sauze landslide ). The semi-automatic detection and classification method (Helmstetter & Garambois 2010) proved to be an efficient way to detect weak seismic signals and moreover a time-saving solution. After manually controlling all the detected events, we identified three types of events, common to both Super-Sauze and Valoria landslides. Earthquakes were clearly identified and distinguished from local events at Service Commun de Documentation on December 23, 2016 http://gji.oxfordjournals.org/ Downloaded from Table 6 . Linear correlation coefficient (r) between the rate of seismic events, the velocity and the rainfall. The correlation is significant at the 95 per cent confidence level if p < 0.05. The p is the probability of getting a correlation as large as the observed value by random chance, when the true correlation is zero. The rates of displacement and of seismic events are estimated every day at Super-Sauze but every hour at Valoria. based on the existence of distinct P and S waves, on their higher apparent velocity, and for some events, on their coincidence with events listed in regional earthquake catalogues. Local events were classified as either 'quakes' or 'rockfalls/debris flows' based on their signal duration and other characteristics, but the distinction between these two types of events is not always trivial. Local seismic events were located using the beam-forming method of Lacroix & Helmstetter (2011) . This method was tested by comparing with the HypoLine manual location software (Joswig 2008 ) based on manual picking of first waves arrivals, and, in the case of SuperSauze landslide, by performing shot tests. These shots enabled us to estimate a static time correction for each sensor. Local seismic events were concentrated in several clusters, essentially nearby the array on fractured and creeping zones for quakes and on scarp and unstable zones for events classified as rockfalls. At the Valoria landslide, only some of the events could be located due to the occurrence of a collapse and the progressive loss of several sensors. We observed a progressive evolution of the type and of the location of seismic events during the acceleration of the slide, which started near the seismic array and propagated downstream. The slide turned into a debris flow downward the western channel of the landslide, as observed during previous reactivations (Ronchetti 2008; Schädler 2010) . In this way, we could associate quake events to internal friction or fissure opening/closing. Longer seismic signals, which were classified as 'rockfalls', are probably due to gravels or rocks propagation along the slopes or falling from the scarp zone. These observations are consistent with previous studies by Walter & Joswig (2008 , 2009 and Walter et al. (2011) , who located fractures, fissures, and rock falls within the Super-Sauze landslide and in the scarp zone, with the same seismogram and spectrogram signatures as in our data. Unfortunately, we could not estimate the depth of the seismic events. Some events (e.g. slide quakes) may originate from the bulk of the landslide, probably at discontinuities between layers, such as the smooth surface we observed on the field at Valoria (Fig. 13) . One small seismic array per landslide is clearly not enough to precisely locate seismic events, because an array aperture of 40 m is much smaller than the size of the landslide. Several arrays should be installed, near the identified clusters to better detect and locate seismic events. This should help to better discriminate the source mechanisms for each type of seismic signals. Finally, we compared surface displacement rates with the rate of seismic events. We found that the main peaks of seismic activity coincide with accelerations of the slide. The correlation is positive and significant at Valoria, which had the largest velocity. At SuperSauze, there is also a positive correlation in 2010 May, a period characterized by moderate velocity, but the correlation is not significant at the 95 per cent confidence level. Finally, no correlation is observed in 2009 October at Super-Sauze, the acquisition period with the slowest velocity.
Similarly, we also found a positive correlation between rate of seismic events and rainfall, but only for the 2010 May period at Super-Sauze, which had the more important precipitation. At Valoria, no rainfall occurred during the seismic acquisition. However, important rainfall (more than 50 mm in the preceding 10 d) occurred just before the seismic acquisition, which probably triggered the landslide reactivation. Other important meteorological factors include snowmelt, which was important during the 2010 May acquisition at Super-Sauze, but its effect is more difficult to analyse since we have no measure of snow cover. We found no influence of earthquakes on landslide dynamics, probably because seismic shaking was too small during the acquisition periods analysed in this work (Keefer 1984 (Keefer , 2002 . A longer acquisition time would be needed to better understand the influence and rainfall and earthquakes on landslide dynamics, and to better understand the link between microseismic activity and landslide displacement.
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